This study was conducted to investigate the response of maize (Zea mays) male and female mature reproductive tissues to temperature stress. We have tested the fertilization abilities of the stressed spikelets and pollen using in vitro pollination-fertilization to determine their respective tolerance to stress. The synthesis of heat shock proteins (HSPs) was also analyzed in male and female tissues using electrophoresis of 35S-labeled proteins and fluorography, to establish a relationship between the physiological and molecular responses. Pollen, spikelets, and pollinated spikelets were exposed to selected temperatures (4, 28, 32, 36, or 400C) and tested using an in vitro fertilization system. The fertilization rate is highly reduced when pollinated spikelets are exposed to temperatures over 360C. When pollen and spikelets are exposed separately to temperature stress, the female tissues appear resistant to 4 hours of cold stress (40C) or heat stress (40°C). Under heat shock conditions, the synthesis of a typical set of HSPs is induced in the female tissues. In contrast, the mature pollen is sensitive to heat stress and is responsible for the failure of fertilization at high temperatures. At the molecular level, no heat shock response is detected in the mature pollen.
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When plants and animals (6) are subjected to elevated temperatures, they respond by synthesizing a specific set of proteins, the HSPs3 (24) . This heat shock response has been observed in a wide variety of vegetative tissues in maize, including plumules (1) , roots (4), coleoptiles, scutellum, leaves, and cultured cells (5) .
Under field conditions, higher plants are subjected to environmental stresses-especially high temperature or heat stress-that may interfere with their productivity. The pollination and fertilization period, which determines seed set, is a time particularly sensitive to stress (13) . Previous studies on in vitro fertilization in maize have shown that reproductive tissues are sensitive to heat stress (20) . The in the developing or germinating male gametophyte has been previously investigated. It was found that a small quantity of HSPs was induced in the immature pollen grain (9, 11) . However, no HSPs were induced in germinating pollen (5, 1 1). In contrast, concerning the heat shock response in mature pollen and in the female tissues, no information is available.
In this report, we have investigated the response of male and female mature reproductive tissues to temperature stress. We have tested the fertilization abilities of the stressed spikelets and pollen using in vitro pollination-fertilization to determine their respective tolerance to stress. The synthesis of HSPs was also analyzed in male and female tissues, to relate the physiological response to modifications occurring at the molecular level.
MATERIAL AND METHODS

Plant Material
Zea mays L. seeds of hybrid lines A632 (as the female) and W 117 (as the male) were provided by Association Generale des Producteurs de Mais (Pau, France). Plants were grown in an experimental field from June to September during the 1988 and 1989 seasons. Female inflorescences were bagged before emergence of the silks to ensure an unpollinated condition. Receptive spikelets with a total silk length of 20 ± 5 cm were used immediately after dissection from the ear. Pollen was collected from dehiscing tassels, and viability was determined using fluorochromatic test (7, 14) . Pollen was used if the fluorochromatic score was more than 90%.
In Vitro Pollination
In vitro pollination procedures were conducted as previously described by Dupuis and Dumas (8) . Briefly, four segments containing six intact pistillate spikelets were placed on a Petri dish containing a Murashige and Skoog (22) minerals and vitamins medium with 5% sucrose, 500 mg/L casein hydrolysate, and 0.7% agar at pH 5.6. This Petri dish was placed within a larger Petri dish containing a moist piece of filter paper. The silks were cut to a length of 4.5 cm and pollinated at their distal end. The pollinated spikelets were conditioned to various temperature stress regimes in a calibrated environmental chamber. After 2 to 24 h exposure to constant temperature of 4, 32, 36, 40°C or after a bivariable temperature treatment for 4 h at one temperature then 4 h at a second (4 h + 4 h), the dishes were placed at 28°C for 15 d and the silks were removed after 24 h. The control dishes were kept at a constant 28°C. The in vitro fertilization score was expressed as the percentage of normal and abnormal kernel development of the number of total ovules pollinated, as previously defined (8) .
Male and female tissues were also exposed separately to various temperature stresses. The dishes containing the unpollinated female spikelets were conditioned 4 h at 4, 28, or 40°C, and were then pollinated with pollen that had been stressed in an eppendorf tube for 4 h at 4, 28, or 40°C. The unstressed ccntrol dishes were pollinated immediately after pollen and female spikelet collection. During the course of these experiments, over 6500 different spikelets were used to examine the effects of temperature stress on the fertilization process.
32P Labeling of Pollen Tube Growth
Pollen tube growth in the silks was assayed using an autoradiographic labeling technique previously described (8) . Briefly, tassels were incubated 24 h in water containing radioactive [32P]phosphoric acid (activity 500 ,Ci/5 mL). After collection, radiolabeled pollen was used for in vitro pollination. The pollinated spikelets were conditioned 5 h at 4, 28, or 40°C; the ovaries along with the silks were then removed, and the silks were gently rinsed to remove ungerminated pollen. The spikelets were then dehydrated, glued to paper that was mounted with radiographic film, and exposed for 2 weeks. 
Protein Labeling and Extraction
For protein labeling of the female tissues, ovaries along with silks were dissected and incubated 4 shown in Figure 3 . When the male pollen and female spikelets are treated separately at 28°C for 4 h before pollination, the subsequent fertilization rate is reduced from 70 to 43% compared with the unstressed control. No significant difference with this value is observed when the female spikelets are submitted to a cold or heat stress before pollination. In the same way, when the male tissues are submitted to a cold stress, the in vitro fertilization rate is not altered. In contrast, when pollination is performed with pollen pretreated for 4 h at 40°C, no subsequent fertilization is obtained. The use of radiolabeled pollen enables the direct visualization of the growing pollen tubes in the silks. Five h after pollination in standard conditions (28°C), pollen tubes have progressed in the silks and are very close to the ovary (Fig. 4) . By contrast, no pollen tubes are distinguished in cold or heat conditions. Moreover, the intensity of the label produced by the pollen grains is weaker at 40°C than at 4 and 28°C (Fig. 4) .
Comparison of the Heat Shock Response in Male and
Female Reproductive Organs Figure 5 shows newly synthesized proteins from ovaries (0), silks (S), and pollen (P) that were heat shocked at 40°C Ovary CD= (21) , the gels were soaked for 30 min in a water-soluble fluorography solution (Amplify, Amersham). Gels were then dried and exposed to a Kodak X-Omat x-ray film at -80°C for 15 At the time of pollination, exposure of the in vitro pollination system to temperatures of 32 and 36°C for up to 24 h has no effect on the subsequent fertilization rate when compared with the unstressed 28°C control (Fig. 1) . The exposure to cold temperatures (4°C) has no effect during the first 8 h of exposure, but after 24 h of stress it was not possible to achieve fertilization. In contrast, exposure to high temperatures (40°C) immediately reduces the in vitro fertilization percentage, and after 6 h of stress, no fertilization occurs. Results of the exposure to a 4 h + 4 h bivariable temperature treatment are shown on Figure 2 . A 4 h cold shock applied immediately after in vitro pollination does not interfere with the second 4 h temperature treatment. When this second temperature treatment is 28°C (4°C/28°C), the subsequent fertilization rate is similar to the unstressed control one, and when the second temperature treatment is 40°C (4°C/40°C), the fertilization percentage is reduced in the same proportion as if the heat shock had been applied first. In contrast, when the heat shock is applied after a 4 h period at normal temperature (28°C/40°C), the fertilization percentage is not affected.
The results of a stress on the separated male and female reproductive tissues during 4 h, before in vitro pollination is for 4 h compared with their control at 28°C. No differences were observed between heat shocked and control samples after total silver staining of proteins (data not shown). In ovaries and silks, the heat shock response was evident. Both tissues showed similar patterns of standard HSP synthesis (17, 18, 26, 27, 70, 72, 83 , 84, 94 kD) except for one 31 kD HSP that was ovary specific (Fig. SA) .
The pollen had a different unstressed protein synthesis pattern from silks and ovaries. Unlike the female tissues, no HSPs were synthesized in the mature pollen grain. Only negligible differences were observed between control and heatshocked samples (Fig. 5B) .
A temperature increase from 28 to 40°C gradually affects the strength and the pattern of HSP synthesis in the ovaries (Fig. 6) . At 32°C, only a slight induction of some of the HSPs (18, 26 , and 70 kD) is observed. All the HSPs detected after 4 h at 40°C were also present after 4 h at 36°C. synthesis of HSPs was also analyzed in male and female tissues, to establish a relationship between the physiological and molecular responses.
We have shown that in vitro fertilization is sensitive to heat shock and that the threshold temperature in our experimental system is situated between 36 and 40°C (Fig. 1) . The in vitro fertilization score is not affected by exposure to temperatures of under 36°C but is irreversibly altered at higher temperatures. The reduced seed set could be the result of rapid silk and pollen desiccation, rather than to an actual lethal effect of high temperature, as suggested by Herrero and Johnson (13) . Under field conditions, the whole plant is able to regulate the effect of heat by transpiration. To compensate for this parameter, our in vitro fertilization experiments were designed and conducted in a humid microchamber that was saturated to high RH. We therefore believe the responses that we have detected correspond strictly to consequences of heat stress and not desiccation of the tissues.
To discover which tissues are responsible for the failure of fertilization under heat shock conditions, we have exposed them separately to a temperature stress and examined their fertilization and HSPs synthesis capacities.
In the female tissues, the spikelets are unaffected by a 4 h heat shock applied before pollination (Fig. 3) . However, the two tissues ofthe female reproductive organ, silks and ovaries, both display a heat shock response at the molecular level (Fig.  5) . After induction by exposure to high temperatures, these tissues synthesize a set of polypeptides that appear to be similar to the standard HSPs described in other maize vege-..
DISCUSSION
In this report, we have investigated the response of maize male and female mature reproductive tissues to temperature stress. We have tested the fertilization abilities of the stressed spikelets and pollen using in vitro pollination-fertilization in order to determine their respective tolerance to stress. The Figure 6 . Fluorography of the proteins synthesized in ovaries aftertative tissues (4, 10) . However, one 31 kD HSP appears only in the ovary and may have originated from the ovule or the female gametophyte. The temperatures at which in vitro fertilization becomes drastically reduced (>36°C) are also the same temperatures at which we detected an increase in the intensity of HSP synthesis by the female tissues (Fig. 6 ). These observations are consistent with the current hypothesis of the role of HSPs in thermoprotection, and appear valid even in the female reproductive tissues.
In maize, high temperature stress on the tassel at the time of anthesis and on the pollen are known to cause a large reduction of the pollen viability as tested by in vitro germination (13) , in vitro pollen tube elongation (2, 9) , and field seed set experiments (25) . The pollen is very sensitive to high temperatures, and it is this tissue that is responsible for the failure of in vitro fertilization under heat shock conditions in our experimental system. When the isolated pollen is submitted to a 4 h heat shock before or after pollination, the pollen loses its fertilization abilities (Fig. 3) . After 5 h at 40°C, no pollen tube growth was observed in the silks and the adhesion of the pollen on the silk surface also seems altered as shown by the lower radioactive label observed (Fig. 4) . However, when the 4 h heat shock is delayed and applied after 4 h at the normal temperature growth of 28°C, in vitro fertilization is not affected (Fig. 2) . This suggests that the first four hours following in vitro pollination is the critical period ofsensitivity to heat shock.
At the molecular level, pollen is the only plant tissue so far studied that does not reveal the typical heat shock response. We were able to analyze the synthesis of proteins in maize mature pollen under normal and temperature stress conditions, unlike previous experiments using different genotypes (9, 1 1). The standard pattern of HSPs was not observed in our experimental conditions in mature pollen grains (Fig. 5) . The lack of heat shock response has been observed previously in immature pollen (9, 1 1) and germinating pollen grains (5, 1 1) of maize. Some HSPs have been shown to be synthesized in immature pollen; however, this response appears to be different than the standard sporophytic heat shock response, both in the number and the size of HSPs induced (9, 1 1). The absence of standard HSP synthesis has also been reported for the pollen tubes of Tradescantia paludosa (19, 28) , Petunia hybrida (26), Lilium longiflorum (12, 26) , and Nicotiana tabacum (12) .
The cellular and molecular response to cold shock is very different from that to heat shock. Stress as long as 8 h at 4°C after the time of pollination of 4 h on male tissues and/or female tissues has no effect on the subsequent in vitro fertilization rate (Fig. 1) . At this temperature, the pollen germination and tube growth does not occur or occurred very slowly (Fig. 4) . However, the germinative and growth abilities of the pollen are well preserved, and when the temperature is returned to 28°C, the pollen germination process starts again and subsequent fertilization rates are not altered (Fig. 3) . After in vitro pollination, when a 4 h cold shock is followed by a second 4 h temperature treatment, the effects observed on the in vitro fertilization score are only due to the second temperature (Fig. 2) . The cold shock response does not interact with the heat shock response in vitro. In our experimental conditions, no HSP synthesis was observed under cold shock conditions (data not shown), although Yacoob and Filion (27) have analyzed a specific cold shock response in maize and have revealed differences between the cold induced polypeptides and the maize HSPs. The heat and cold shock responses seem thus to have different induction mechanisms.
Although the cellular functions of HSPs are not clearly understood, these proteins seem to have a role in thermotolerance (15, 23) . Our results support this hypothesis and reveal a marked difference between the male and female reproductive organs heat shock response and their respective thermosensitivity. These differences could also reveal sporophytegametophyte differences. In the female tissues, silks and ovaries, we found correlation between the resistance to thermal stress and the synthesis of HSPs. On the other hand, the pollen is very sensitive to heat stress and is unable to synthesize classical set of HSPs. Whether immature, germinating, or mature pollen respond differently to heat stress needs to be investigated further. The mature pollen is a specialized haploid tissue, that contains a store of presynthesized mRNA used for pollen germination and tube growth (18) . The synthesis of HSPs is primarily regulated by a transcriptional control, allowing rapid induction of mRNA and a preferential translation during heat shock (24) . Pollen is dormant in its mature state and is a gametophytic tissue which has a restricted developmental program. For these reasons, pollen is likely unable to undergo this quick expression of heat shock genes. A molecular study of expression of heat shock genes at the mRNA level will allow to analyze these aspects of heat shock response in pollen.
